The mechanical properties of austenitic stainless steel are rarely improved by heat treatment. Shot peening is a well-known cold working process that affects thin surface of materials. By controlling the shot peening intensity and shot size, the variable mechanical properties film thickness was obtained from 0.05 mm to 0.5 mm. The damping factor and compressive residual stress are determined experimentally and forming a relation between them. It was found that damping factor in thin film surface increases with depth of deformed layer. An investigation was carried out, and it was found that the increase in damping factor was due to introduction of compressive residual stress and increased hardness due to shot peening. The paper discusses a model of changing damping properties with compressive residual stress and depth of deformed layer of austenitic stainless steel.
Introduction
The method of heat treatment in stainless steel depends on the type of stainless steel and the reason for the treatment.
Heat treatment processes such as annealing, hardening, stress relieving, and so forth restore desirable properties such as corrosion resistance, hardness, toughness, ductility, and damping. These heat treatments processes are done prior to the fabrication operation to produce hard structure which is able to withstand high stresses or abrasion in service.
Stainless Steel is a highly corrosion resistant material due to the presence of Cr along with the other alloying elements like nickel and molybdenum. From the classification on the basis of the predominant phase constituent of the microstructure, the austenitic stainless steel is most corrosion resistant. This makes its wide application in chemical and food processing equipments, medical equipments, cryogenic vessels, and so forth. Hence, it is better to have hardenability, fatigue strength, damping, and tensile strength, along with the corrosion resistant in various applications.
Mechanical systems under cyclic loading normally present structural vibrations. These vibrations can cause noise and fatigue problems. Materials which are able to absorb the mechanical energy related to vibrations are called damping materials. Talonen and Hänninen have investigated the damping capacity of two cold rolled stainless steel grades EN 1.4318 and EN 1.4301 [1] .
Cold working is used to increase strength, especially in highly alloyed austenitic stainless steels [2] . The improvement in mechanical properties such as hardness, fatigue strength, tensile strength, and damping are due to the induction of compressive residual stress in the metal parts. Shot peening is a well-known cold working process that affects thin surface of materials. The shot peening variables like shot material, shot quality, shot intensity, shot coverage, and so forth affect the mechanical properties. The impact produced by the shots is sufficient to create plastic deformation of the surface up to certain depth which results in the induction of compressive residual stress along with the tensile stress at the interior.
The residual compressive stress induced by shot peening on the thin surface of the material is the function of material and mechanical conditions. The magnitude of the compressive stress induced and the depth of the induced layer depend considerably on the peening intensity [3] . Peening intensity can be defined as a measure of the kinetic energy within a stream of peening media. Peening intensity attained can vary with shot size, shot hardness, shot speed, shot flow rate, impact angle, coverage, and so forth. Different materials have different patterns of residual stress for same shot peening condition. Small spherical shots are bombarded in shot peening. Each shot strikes the metal surface and imparts the stress in the form of compression [4] [5] [6] . The induction of compressive residual stress is limited to a very small depth from the surface. Shot peening produces residual compressive stress.
The damping capacity in a system is characterized by a ratio called damping ratio or damping factor. It is the ratio of the logarithmic decrement of any underdamped harmonic motion to its period. It also refers to the amount of damping in an oscillatory system. It is the ratio of damping to critical damping. Damping factor is an important surface characteristic, which varies with shot peening conditions and depth from the surface of materials [7, 8] . Damping ratio or damping factor of Shot-peened sample is measured by using an experimental setup consisting of a CRO (cathode ray oscilloscope), accelerometer and amplifier. The damping factor is calculated from the logarithmic decrement (δ) [9, 10] .
In the literature, most of the work done till date on the effect of shot peening on fatigue does not consider the effect of internal damping at various depths of deformed layer and shot peening conditions [11] [12] [13] . The induction of compressive residual stress and increased hardness helps in improving the damping factor of the specimen at various shot peening conditions. Damping consideration will lead to prediction of compressive residual stress field easily and economically. The major objective of the present work is to investigate the effects of shot peening for achieving the variable damping and fatigue life in components.
Experimental Details
The chemical composition of the specimen material (304 austenitic stainless steel) is shown in Table 1 . The mechanical properties of the specimen material are: ultimate tensile strength of 658 MPa and average hardness of 265 VHN. The dimensions of specimen for the determination of damping factor are shown in Figure 1 .
The shot peening was done by using centrifugal wheel. The cast steel balls of 1 mm diameter were used to shot peen the specimens. An Almen strip of size 76 mm × 19 mm × 1.3 mm thick was used to measure the intensity of shot peening. The specimens were Shot-peened at different intensity on Almen gauge. In order to measure damping factor at different depths, the layer of specimen was removed, before and after the shot peening operation by electrochemical machining with a nonacidic electrolyte. The coverage of shot peening was 90%.
Damping factor of various specimens was measured by using an experimental setup consisting of a CRO, accelerometer, and amplifier. The specimen was fixed in a jaw, accelerometer was placed on it and then load was applied. The observations in Tables 2 and 3 depict the average of three readings.
The compressive residual stress induced by shot peening was measured by X-ray diffraction method. A Cr tube operated at 30 KV, and 8 mA was used for projecting Kα1 X-rays. The diffraction angle 2θ without strain was taken as 135.4 • .
Fatigue testing was carried out in axial loading fatigue testing system at room temperature. To draw S-N curve, the specimen was used to fail at different stress levels. Stress ratio (R) equal to 0.1 was used during fatigue testing. The dimensions of specimens for ploating S-N curve are shown in Figure 2 . The dimensions of the specimens were according to the ASTM standards. The different stress levels used for plotting the S-N curve were 265 Mpa, 240 Mpa, 225 Mpa, and 210 Mpa.
Results and Discussion
3.1. Hardness. The average value of hardness for base material is 265 VHN. It was seen that after shot peening the hardness of the specimen increases ( Figure 3 ). The effect of shot peening was limited to a very small depth of deformed layer. The hardness increases with the increase in depth of deformed layer. The average hardness after shot peening was 366 VHN, and standard deviation was 24 ( Table 2 ). The variation in hardness was found because of the plastic deformation on the metal surface [14] .
Damping Factor.
Damping factor is critical property of the material to control the vibrations. Table 3 shows the damping factor of untreated sample. A high value of damping factor limits the amplitude of vibration. Readings for amplitude were measured from the set up shown in Figure 4 in terms of volts. The logarithmic decrement (δ) was determined by using (1) [9, 10] 
where N is number of cycles, X 1 is amplitude of vibration for first cycle, and X n = amplitude of vibration for Nth cycle. So damping factor (ξ) was calculated from the following equation [9, 10] :
It was found that damping factor decreases with depth of layer removed from the surface of the specimen. Also damping factor improves with shot peening of 304 austenitic stainless steel (Table 4 ). It was seen that on the surface damping factor was the same for different shot peening conditions. On subsequent removal of surface layer damping factor varies with different shot peening conditions ( Figure 5 ). It was also found that with change in shot peening intensity the depth of deformed layer and damping factor changes ( Table 4 ), this is due to induction of compressive stress on the thin layer from the surface. A linear relationship was observed between damping factor depth of deformed layer. The damping factor points were slightly scattered, but a straight line was best fit at different depths of deformed layer for various shot peening condition and depth of layer removed from the surface ( Figure 6 ). Regression analysis was used to fit the straight line in damping and depth of deformed layer data at different shot peening conditions. The expression for damping factor at different shot peening condition is expressed as
where D is depth of deformed layer, m is the slope of the line, and C is the intercept. It is analyse from the data that coefficient of determination (R 2 ) varies from 0.82 to 0.99. This value of coefficient of determination indicates the variation of damping factor depends on depth of deformed layer. 
Compressive Residual Stress Field.
In this work, compressive residual stress field (CRSF) is determined for different shot peening conditions. Variation of CRSF with the depth of layer removed from the surface is shown in Figure 7 . The observations in Table 5 are the average of three readings. It is observed that shot peening induces the compressive residual stress on the surface up to certain depth from the surface of the sample. It is also analyzed that with increase in shot peening intensity CRSF increases. CRSF has different values at different shot peening conditions as the depth from the surface increases. It is found that CRSF is approximately the same at zero depth of layer but as the distance from the surface increases it varies for different shot peening conditions. With the increase in shot peening intensity, variation in depth of deformed layer is observed. It is also found that with shot peening there is an increase in depth of deformed layer and magnitude of compressive residual stress which directly affects the damping factor and fatigue strength of the component. It is clear from Tables 4 and 5 that damping factor improves with depth of deformed layer due to the improvement in CRSF at different shot peening intensities. The variation of damping factor and CRSF at different depth from the surface for Shot-peened samples at different intensity is shown in Table 6 .
Damping Factor and CRSF. CRSF affects damping factor
at various depth of layer removed from the surface. Damping factor and CRSF decrease with the depth of layer removed from the surface at different shot peening conditions ( Table 6 ). A linear relationship is observed between damping factor and CRSF. The damping factor points were slightly scattered, but a straight line was best fit at different values of CRSF (Figures 8, 9, and 10) . Regression analysis was used to fit the straight line in damping data at different CRSF and shot peening. The expression for damping factor is expressed as
where m is the slope of the line and C is the intercept. Coefficient of determination (R 2 ) varies from 0.94 to 0.99. This value of coefficient of determination indicates that damping factor also depends on CRSF.
Fatigue Strength.
Shot peening improves the fatigue strength of the components. It repairs microcracks, and, hence, the initiation of fatigue crack over the surface can be delayed by cold working of the surface with the shots [15, 16] . S-N curves for the base material and the Shot-peened specimens were determined using an axial fatigue-testing machine. The four stress levels (Table 7) were tested and more tests were conducted near the endurance limit. Fifteen specimens [17] were tested in order to plot an S/N curve. Only the average points were presented for each level (Figure 11 ). At different stress levels shot peening influences the fatigue strength. In relation to base material endurance limit improvement was expressive (186 MPa to 212 MPa). The effect of shot peening was negligible if the magnitude of the applied stress is above the endurance limit. It is important to note that there is reduction in fatigue strength at higher Almen intensities. At Almen intensity 15 A fatigue strength of the specimen is less as compared to the Almen intensity 6 A (Figure 11 ). This reduction in fatigue life at higher Almen intensities is due to damage of surface material, which leads to crack initiation on the surface. Hence, it is not necessary that increase in shot peening intensity will always increase fatigue strength. Also it is analysed that there is no general relationship between damping factor and fatigue life. This is due to the fact that fatigue life is less at 15 A. However, it may be noted that damping factor increases with fatigue life, with shot peening intensity up to 6 A.
Conclusion
The paper has accomplished the following for 304 austenitic stainless steel.
(1) Shot peening increases the hardness of 304 austenitic stainless steel. The increase in hardness was due to the induction of compressive residual stress. The hardness can be controlled by controlling the different shot peening parameters.
(2) Shot peening increases the depth of deformed layer and magnitude of compressive residual stress which directly affect the damping factor and fatigue strength of the component.
(3) With the increase in thickness of layer removed from the surface, hardness of the surface increases but there is reduction in damping factor and CRSF of the specimen.
(4) Damping factor is found to be important surface characteristic which increases with shot peening. A linear relationship was found between damping factor and CRSF.
(5) It is not necessary that fatigue life increases with increasing in shot peening intensity. Overshot peening results in reduction of fatigue life.
(6) An increase in CRSF, and damping factor, is not necessary to increase the fatigue life.
